This study was designed to characterize morphologic stages during neuroma development post amputation with an eye toward developing better treatment strategies that intervene before neuromas are fully formed. Right forelimbs of 30 Sprague Dawley rats were amputated and limb stumps were collected at 3, 7, 28, 60 and 90 Days Post Amputation (DPA). Morphology of newly formed nerves and neuromas were assessed via general histology and neurofilament protein antibody staining. Analysis revealed six morphological characteristics during nerve and neuroma development; 1) normal nerve, 2) degenerating axons, 3) axonal sprouts, 4) unorganized bundles of axons, 5) unorganized axon growth into muscles, and 6) unorganized axon growth into fibrotic tissue (neuroma). At early stages (3 & 7 DPA) after amputation, normal nerves could be identified throughout the limb stump and small areas of axonal sprouts were present near the site of injury. Signs of degenerating axons were evident from 7 to 90 DPA. From day 28 on, variability of nerve characteristics with signs of unorganized axon growth into muscle and fibrotic tissue and neuroma formation became visible in multiple areas of stump tissue. These pathological features became more evident on days 60 and 90. At 90 DPA frank neuroma formation was present in all stump tissue. By following nerve regrowth and neuroma formation after amputation we were able to identify 6 separate histological stages of nerve regrowth and neuroma development. Axonal regrowth was observed as early as 3 DPA and signs of unorganized axonal growth and neuroma formation were evident by 28 DPA. Based on these observations we speculate that neuroma treatment and or prevention strategies might be more successful if targeted at the initial stages of development and not after 28 DPA.
Introduction
Limb amputation is a devastating condition caused by trauma and diseases, resulting in both functional and psychological disability in affected patients [1, 2] . About 61% of amputee patients report residual limb pain, of which 48.7% are estimated to be caused by a sensitized neuroma [3] . Neuroma induced pain can also occur as a result of lacerations, crush injuries, and in peripheral nerves after microtrauma from stretching or compression of local tissues [4] . 
Materials and methods
All animal experiments were performed in accordance with guidelines established by our animal care and oversight committee at the Johann Wolfgang Goethe-University in Frankfurt/ Main, Germany and were approved by the Veterinary Department of the Regional Council in Darmstadt, Germany (Regierungspräsidium Darmstadt, Veterinärdezernat, Wilhelminenstraße 1-3) (FU/1114) in accordance with German law. Nerve regrowth and neuroma formation were assessed in the stumps of amputated limbs of 30 male Sprague Dawley rats (Charles River Labs Int., Germany) (age = 5 weeks; weight = 100-150g) at 3, 7, 28, 60 and 90 days after surgery (n = 6) using histological and immunohistochemistry analysis.
Limb amputation surgery
All animals received prophylactic antibiotics (0,2 ml procaine penicillin containing 60.000U) prior to surgery. While under intraperitoneal general anesthesia (10 mg Ketamine/100mgBW; 1 mg Xylazine/100mgBW) the rats'right limbs were shaved and cleaned with antiseptic fluid and a circumferential skin incision was made over the elbow. After dissection of the subcutaneous tissue the brachial artery and accompanying veins were identified and ligated. The ulnar, median, and radial nerves were dissected free and divided and the muscles of the forelimb were cut 1cm proximal to the elbow joint. Only the right limb humerus was cut with a gigli saw wire. Hemostasis was achieved through short light compression. After amputation, the skin was closed over the limb stump with continuous intradermal suture (4-0 Prolene, Ethicon, Germany) and spray dressing (OPSITE Spray, Smith&Nephew, Canada) was applied on the wound. Animals were monitored postoperatively until they recovered from anesthesia, and then daily for complications and/or signs of pain and discomfort.
Animals were housed in separate cages in a light (12 hr light-12 hr dark), temperature (20-24˚C) and airflow controlled room and were given free access to food and water. At 3, 7, 28, 60, and 90 days groups of animals were euthanized (CO 2 inhalation), weighed and limb stumps were collected and examined macro-and microscopically for signs of infection or tumors. After animals were euthanized, the contralateral (left) limbs of four animals were also collected. Since these nerves should present histologically normal appearance tissues from the left limbs served as baseline controls. All specimens were fixed in Zinc-Formal-Fixx (Thermo scientific, USA) for 24 hours and stored for subsequent histomorphometric and immunohistological analysis.
Assessment of neuroma formation
Histology. To perform histological analysis amputated limb stump tissues were fixed, decalcified in 10% EDTA/TRIS-HCl (pH 7.4) for 14 days, then embedded in paraffin blocks. Representative longitudinal sections (5μm thick) were cut with a Microtome (Leica RM2235) and mounted on glass microscope slides.
General morphology: Stump tissues from each time point were stained (Alcian Blue/Orange G-Hematoxilin-Eosin (AB&OG)) for morphological analysis [31] , as described previously [32] . Evaluation of nerve structures was made using light microscopy (Large image scanning, Ti-E, Nikon GmbH, Germany) and image analysis software (NIS-Elements 4.4, Nikon GmbH, Germany).
Immunohistochemistry (IHC):
To assess nerve regrowth in limb stumps by IHC, heat antigen retrieval was performed in Citrate Buffer (DAKO) for 10 min. After blocking with 7% goat serum solution (Dako, Germany), specimens were incubated with monoclonal mouse antihuman Neurofilament protein antibody (NF)(Clone 2F11, culture supernatant, 1:100; DAKO, Germany), which serves as a marker for axons. For signal detection, an EnVision + System-HRP (AEC) kit (Dako, Germany) was applied following the manufacturers'instructions. Finally, a counterstain with hematoxylin was performed and stained samples were analyzed using light microscopy (Large image scanning, Ti-E, Nikon GmbH, Germany). Morphological observations and quantitative evaluations were performed using image analysis software (NIS-Elements 4.4, Nikon GmbH, Germany). To assure that positive stain was not caused by non-specific interactions of immunoglobulin molecules, isotype control was carried out in representative samples.
Evaluation parameters: To avoid variability in data interpretation one trained examiner evaluated all sections. Six limb stumps for each time point were analyzed and after careful examination, representative sections from each stump were taken for detailed evaluation. The stump sections obtained were evaluated from the humerus head to the most distal area of the amputated stump; thus assuring observations throughout the entire stump section (Fig 1A) .
At each time point a qualitative scoring scheme was used, in which the presence and location of nerves was recorded as either positive or negative by NF labeling. Axonal density was measured to differentiate normal and degenerating axons. First the total area (region of interest-ROI) to be analyzed was selected then using a threshold tool to highlight NF positive stain in the ROI a value for the stained area was obtained. Axonal density was calculated as the area of stained axons in the fascicles divided by the total area in the ROI. In each sample, 2-3 fascicles and/or bundles detected in the stump section was measured at 20x magnification. Then mean values of axonal density of normal and degenerating axons, in each animal, were obtained for all time points.
The contrast between normal and pathological axonal distribution was detected by careful examination of the relation between nerve fascicles and axons and the surrounding tissues at 
Statistical analysis
Differences of axonal density in normal and degenerating axons at the different time points were analyzed by Wilcoxon Signed-Rank Test using Graphpad Prism software (p 0.05). Bootstrap of the data from percentage of animals affected by each feature at each time point was performed with 1000 repetitions using R-Studio platform for R-software and 95% confidence intervals (95% CI) were later calculated.
Results

Histological characterization of nerves in limb stump tissue
All stumps were sectioned longitudinally, along the long axis of the limb, to maximize the presence of nerves. Peripheral nerves within muscle and connective tissue were observed in all stumps, at all time points. Limb stumps were examined and the 6 morphological categories were assigned by overlapping AB&OG and NF-stained sections. AB&OG stained axon fascicles appeared light pink in color, surrounded by a slightly light brown colored membrane (perineurium) (in S1 Fig) . Individual axons could only be identified at 20x magnification appearing as darker pink colored dots or sprouts. Detailed focal labeling of axons was clearly visible and readily distinguishable using immunohistochemistry with specific antibodies targeting neurofilament protein (NF) (Fig 2) .
Higher values of axonal density were observed in fascicles with normal characteristics compared to degenerating axons at all the time points. Statistical analysis revealed significant differences between normal and degenerating axons at all time points, except 28 dpa. Low numbers of nerves were measured in samples from day 28, which could have affected the precision of the statistical comparisons (Fig 3) (p 0.05).
Great variability of nerve morphological features was observed with the most relevant listed in the predetermined 6 separate categories (Fig 4) . Due to the high variability in the position and orientation of the re-growing nerves in the rat limb stumps, sections contained nerves dissected longitudinally and transversely (Fig 4N0i and 4N0ii) .
Normal nerves (N0), when oriented longitudinally, appeared as neatly structured axons running along myelin sheaths, while when sectioned transversally appeared as a ring-like structures formed by compacted axon fibers surrounded by connective tissue forming a neural membrane (Fig 4N0i and 4N0ii) . Normal nerves observed in tissue sections appeared to arise from branches of the main nerves of the brachial plexus (ulnar, median and radial), however, in the later time points, these were visible only in the distal area of the stump tissues, closer to the ulnar, median and radial nerve trunks.
Degenerating axons (N1), were identified in nerve fascicles with lower density of NF signal in their structure (Fig 4N1) . Axons in the N2 category (axonal sprouts) appeared as delicate and sometimes isolated neurofilaments that looked like donut-rings or fine fibrils within the tissue (Fig 4N2) . More precisely, axons showing positive signal should meet the following criteria; not exceed a maximum of 8-10 stripes or dots within an area of 200μm 2 , not be arranged in bundle-like structures and be located a minimum of 100μm distance from a large nerve branch. Unorganized axonal features (N3), consisted of unorganized bundles of axons incorporated in connective tissue, histologically appearing as zones with many axonal fascicles of distinct size and orientation ( Fig 4N3) ; unorganized axons growing into muscle (N4), appeared as small bundles of disorganized axons trapped in muscle (Fig 4N4) , usually located in the middle area of the stump tissue, adjacent to the bone, and finally tangled axon fascicles embedded in fibrous tissue (N5) corresponded to a classical neuroma [17, 18, 32] in late stages of development (Fig 4N5) . 
Traumatic neuroma development
Present in different areas of the tissue sections, degenerating axons (N1) first appeared at day 7 in approximately 60% of the samples, then their number decreased at 28 days, and again increased at days 60 and 90. Axons in the N2 category were visible in 60% and 100% of samples at day 3, and 7 respectively, and at later time points became less evident (Fig 5) . Unorganized features started to appear at 28 days post-amputation, where 33% of the samples presented axons in N3 and N4 stages, while 66% already revealed N5 stage. A similar pattern was observed at 60 days although the incidence of N3, N4, and N5 stages increased at day 90, when 100% of samples showed axonal fascicles in N5 stage. The distribution of morphological characteristics at each time point is shown in Fig 5 and is described in detail below when discussing each time point.
Nerve regrowth and axonal appearance over time
In samples in early stages after amputation (3 and 7 days) nerve branches from the brachial plexus appeared mainly normal, distributed along the long axis of the limb from proximal to Ã Statistically significant differences (p 0.05).
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Traumatic neuroma development distal areas. In some samples it was even possible to visualize complete fascicles of ulnar, median and/or radial nerves running the entire length of the stump from the humeral head to the distal zones. In some 3-day sections, where nerve fibers were sectioned, signs of axonal sprouting were already visible in middle and distal areas (Fig 4N2i) , and at 7 days, 100% of samples had this appearance. Samples collected at 3 days did not reveal nerve fascicles with lower axonal density (axonal degeneration) in the distal area (closer to injured areas), however the majority of 7-day samples did (Fig 5) . Confidence intervals (95% CI) of bootstrapped data varied in very low range indicating a small possible range in the prevalence of the features analyzed.
Twenty-eight days after limb amputation, the 6 nerve characteristics of interest appeared in stump tissues. Nerve fascicles with normal and degeneration characteristics (N0 and N1) showed no significant difference in axonal density values. Apart from these fascicles, axonal sprouts, especially in the distal area, appeared like doughnut-ring structures (N2) (Fig 4N2ii) . Also from this time point, zones of unorganized axonal growth were visible along the tissue stump (N3, N4 and N5). Twenty-eight day samples revealed unorganized growth of axonal fibers surrounding normal appearing nerve fascicles. This correlated with zones of nerve enlargement in fascicles sectioned longitudinally. Moreover, in the same amputated limb variability of axonal characteristics and neuroma formation was detected throughout the stump tissue and in zones that anatomically correlates with areas of ulnar, median, radial and musculo-cutaneous nerve fibers.
At days 60 and 90 normal appearing nerves were present in all samples, although gradually less evident and only present in the most proximal areas of the stump, closer to the trunks of nerves originated from the brachial plexus. The incidence of degenerating nerves was higher at days 60 and 90 compared to earlier time points (7 and 28 days). Sixty and 90 day stump tissue contained unorganized bundled axons and fully formed neuromas, which were more evident and prevalent than in 28 day samples. Despite no differences in axonal density among neuromas at the different time points, at 90 days abundant growth of unorganized axons into conjunctive and muscle tissue was visible.
Discussion
Herein we document the progression of nerve regrowth and neuroma development from the time of injury for 90 days after amputation. Using IHC stain for neurofilament (NF) protein we were able to identify specific characteristics of axons and their relation with surrounding tissues throughout the healing and regenerative process. These neurofilament proteins play important structural roles in neurons; together with microtubules and associated proteins, they sustain the axonal and dendritic branching patterns and promote axonal growth and thickening [33, 34] . Variability of nerve patterns observed in our limb stump tissues over time could be correlated with different stages of nerve regrowth and neuroma development. Normal appearing nerve fascicles were visible in all sections analyzed, particularly at the early stages after amputation when their distribution in the stump was near the site of injury. At later time points (60 and 90 days) normal appearing nerve fascicles were only visible at a distance from the injured stump tissue, near the humeral head.
Wallerian degeneration, which is essential for axon regeneration, starts hours after injury with activation of phospholipases expressed in the SCs and macrophages, that promote the removal of myelin and myelin-associated glycoproteins from the injured area (reviewed in [35, 36] ). After debris clearing, growth factors are produced to stimulate Schwann cell migration and axonal regrowth (reviewed in [37] ).
In this study, the presence of fascicles with less evident NF signal directly correlated with low axonal density, which was indicative of degenerating nerves in the stump tissues. Using epifluorescence microscopy, alterations at the axonal ultra-structure level have been reported in rat optical nerves already 30 minutes after injury [38] . Although the techniques used in the present study were not sensitive enough to detect alterations at this level, we could detect degenerating axons from day 7 on. Other models and/or microscopy techniques would have been necessary to identify these minimal changes in nerve structures.
Intrinsic mechanisms involving calcium influx and activation of the protease Calpain are responsible for cytoskeletal degradation and axon degeneration (reviewed in [39] ). In addition, NF protein becomes sensitive to proteases when they are dephosphorylated (reviewed in [34] ). Nerve injury significantly increases the levels of dephosphorylated Nuclear Factor of Activated T-cells-NFATc4 [40] . Protection mechanisms against phosphatases have also been shown to play an important role in nerve regeneration [41, 42] . The process of axonal degeneration has been observed not only in traumatic injuries, but also as a consequence of degenerative diseases. Despite the fact that the mechanism of this process is not fully understood, studies suggest similarities between both phenomena (reviewed in [43] ). Delayed axonal degeneration could also be associated with the expression of "Wallerian degeneration slow" (WldS) protein [44] , impairment of Nmnat2 proteins in the cell body [45] , and the absence of trophic signals to neurons [46] . In our study, degenerating axons seen in 90 dpa samples, might not be directly related to Wallerian degeneration, that occurs immediately after injury, however may be associated with other environmental factors and/or these suggested mechanisms instead. As a consequence of the lack of NF, deficiency in nerve regeneration can occur, although this may not be the result of neuronal death following injury [47] .
Signs of axonal sprouts were visible at the site of amputation where the nerve was cut already at day 3 and more so at day 7 post amputation. Spinal cord injuries initially present minimal axon degeneration followed by nerve regeneration from the proximal axons towards the distal organ [48] . The axonal sprouts we saw early on could be attempts by axons to begin regenerating after Wallerian degeneration. Dun & Parkinson described transected mouse sciatic nerve axons that showed rapid axonal regrowth from day 4, leading to "misdirected axonal growth of 1.46 mm" on day 7 [49] . Studies have shown that after injury, local growth factor and protein production support axonal growth and promotes nerve repair [8, 50] . Although we did not measure protein levels, increased local protein production and the beginning of axonal attempts to regenerate could have induced the sprout growth we observed in our IHC sections. Our control samples revealed normal nerve fascicles with no sprouts, suggesting that the sprouts observed at days 3 and 7 were axonal regrowth and not artifacts from the cutting technique.
In this study we observed the first signs of neuroma formation at 28 days post amputation. Two modes of axonal growth in the early stages are suggested-elongation, in which axons advance fast and straight, and-branching, in which numerous small lateral outgrowths are formed [48] . Both elongated and branching structures were visible in our stump tissue at days 3 and 7. At 28 days we observed abnormal bulbous shaped axonal structures growing into muscle and/or fibrotic tissue. In the absence of a guiding structure, the signals that induce directed axon growth persist and instead of re-growing in an organized directional pattern regenerating axons may regrow in unorganized patterns and form neuroma (reviewed in [51] ). In our samples, neuroma formation was detected already at 28 days, and became more evident and widespread at later time points (60 and 90 days).
In 28-and 60-day stumps areas of unorganized axonal structures were observed side-byside with normal fascicles. Literature describes cases of segmented nerve injury whereby axons from the proximal end of a severed nerve regrow towards the distal end through tunnel-like structures formed by Schwann cells [48] . Since in our amputation limb model the distal nerve segment is missing, Schwann cells are not able to form tunnels to guide the axons, resulting in unorganized nerve growth. Thus the neuromas we observed in 28 dpa stump tissue could have been caused by the absence of these Schwann cell tunnels and signaling, whereby attempts to communicate with the target organ to establish axonal recovery did not occur.
In parallel with nerve signaling and attempts to regrow, fibrotic tissue is formed in order to repair and close the wound. It is hypothesized that during axonal regrowth regenerating nerve fibers and associated connective tissue extend into regions at the same time that severely damaged tissue is in a proliferative phase of healing by secondary intention. When blocked by fibrotic tissue, the regenerating neural axons form spirals and end discs and become irregularly dispersed throughout the connective tissue [15] . The histologic changes we observed in our stump tissues over time are consistent with the above-described hypothesis for neuroma formation proposed by Foltán et al. (2008) . Growth of regenerative nerve fibers into connective tissue is represented in our N3 stage samples, while nerve regrowth into damaged tissue, muscle in our case, corresponds to our N4 stage samples. Finally, axons blocked by fibrotic tissues forming massive chaotic structures, i.e. neuroma, corresponds to the N5 stage of our scale.
Traumatic neuroma are frequently characterized by a massive tumor showing irregular arrangement of nerve fascicles within a collagenous and fibroblastic stroma [19, [52] [53] [54] [55] . Moreover, these lesions frequently present incomplete encapsulation and a mix of axons and Schwann cells [17] . These diagnostic descriptions of neuroma coincide with our N5 stage (unorganized axonal growth into fibrotic tissue) classification of fully formed neuroma.
Detailed histological analysis of symptomatic and asymptomatic neuromas have shown that fascicle number and diameter and nerve tissue density cannot be used to distinguish between painful and non-painful neuromas [53] . Histological signs of chronic inflammation have been shown to be associated with painful neuromas [18] . However, pain and abnormal sensitivity can also occur in the absence of inflammation. Although our study did not focus on "painful" neuromas, we frequently observed unorganized nerve regrowth into connective tissue and muscle. Weng et al, identified the expression of alpha smooth muscle actin (α-SMA) in painful neuromas [52, 56] . Alfa-SMA is a phenotypic marker for myofibroblast activity, which contribute to increased contractile activity of myofibroblasts [57] . Based on this it is conceivable that nerve fibers that attempt to regrow into/through muscle could originate painful neuroma.
The histological characteristics we observed in this study; unorganized axon bundles, axonal ingrowth into muscles and fibrous tissue, could be the manifestation of different stages of neuroma formation. We observed that axon regrowth starts already 3 days after amputation and by 28 days neuroma formation is clearly visible in many different nerves present in the stump tissue. Signals for axonal regrowth appear to be activated at 60 and 90 days. Moreover in this study, where there was no intervention to prevent neuroma formation, by day 90 postamputation neuroma formation occurred in 100% of the cases evaluated.
Our findings indicate that 28 days is a critical time point at which neuroma formation has already occurred. Based on this we propose that treatments focused on inhibiting neuroma development should be initiated prior to this critical time point, when growth is still dynamic and can be influenced. Future research will focus on studying the underlying mechanisms at work during this early time period in order to target specific factors that influence neuroma formation in the dynamic early stages of development. This could lead to new and better treatments and/or prevention strategies to alleviate suffering in these patients. 
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